Characteristics of the thermal and ozone tropopauses and the tropopause inversion layer (TIL) in the Antarctic and Arctic are investigated using high vertical resolution ozonesonde data. The ozone tropopause is clearly defined even in the Antarctic winter and spring in which the thermal tropopause is ambiguous. The Antarctic ozone tropopause shows a smaller annual variation than the thermal tropopause. While the ozone tropopause is located below the thermal tropopause in the Arctic throughout the year, the ozone tropopause in the Antarctic summer is located at the same height as or slightly above the thermal tropopause.
Introduction
The tropopause, the interface between the troposphere and the stratosphere, is usually defined by an abrupt change of the vertical temperature gradient ("thermal tropopause", WMO 1957) . The Arctic thermal tropopause is located around 300 hPa, which is corresponding to 9 10 km altitude throughout the year (Highwood et al. 2000) . On the other hand, the temperature often continues to decrease with height up to about 20 km in the southern hemisphere polar vortex during austral winter and spring, where the thermal tropopause cannot be clearly defined (Highwood et al. 2000; Roscoe 2004 ). Figure 1 shows vertical distributions of temperature and ozone mixing ratio obtained by an ozonesonde observation at Syowa Antarctic Station (69°S , 39.6°E) on July 29, 2003. The tropopause defined by the temperature gradient is located around 14 km, which is much higher than the usual tropopause height in the polar region. On the other hand, an increase of ozone mixing ratio from the tropospheric small value to the stratospheric large value is observed around 9 km. Bethan et al. (1996) defined the ozone tropopause using such an abrupt change of ozone mixing ratio, which is closely related to the dynamical tropopause defined using a potential vorticity. Figure 1 suggests that the ozone tropopause can be clearly defined even when the thermal tropopause becomes ambiguous in the Antarctic winter. In the first half of this paper, it is demonstrated that the ozone tropopause is more suitable as a definition of the tropopause than the thermal tropopause at least in the Antarctic winter and spring. Additionally, their seasonal variations in the Antarctic and Arctic are described.
Static stability (i.e., Brunt-V ais al a frequency squared) in the stratosphere is not constant with height, but maximizes just above the tropopause (Birner et al. 2002; Birner 2006) . Such a layer with an enhanced static stability just above the tropopause is called the tropopause inversion layer (TIL). The TIL can influence the vertical propagation of gravity (Fritts and Alexander 2003) and planetary waves (Chen and Robinson 1992) as well as suppress the stratosphere-troposphere exchange (STE) of chemical constituents. Birner et al. (2002) first demonstrated the existence of the TIL by averaging high vertical resolution radiosonde temperature data in a vertical coordinate relative to the thermal tropopause. Randel et al. (2007) showed that the TIL was a ubiquitous feature present from the subtropics to the pole throughout the year based on GPS radio occultation measurements. However, their description of the TIL is using the thermal tropopause, so that it might fail to describe the TIL structure in the Antarctic winter and spring as mentioned above. In order to overcome this problem, the TIL is described in the vertical coordinate relative to the ozone tropopause in this paper. This ozone tropopause based coordinate shows seasonal variations of the TIL different from those in the thermal tropopause based coordinate. Ozone and Ultraviolet Radiation Data Centre (WOUDC) are used for the analysis. They have vertical resolutions high enough to represent the sharp vertical structure of the static stability around the tropopause. Details of the ozonesonde data are given in Table 1 . Precision and accuracy of ozonesonde observations are discussed in Komhyr et al. (1995) . The high-resolution ozonesonde data for more than 5 years are available only at Syowa and Neumayer in the Antarctic. Sodankyl a and Scoresbysund in the Arctic are chosen because they are located at a similar absolute latitude. Although the data period is different between four stations, changing the averaging period does not change the results (not shown). Some other Antarctic and Arctic stations (e.g., Eureka) show the same features (not shown).
Data and method
The thermal tropopause is defined following WMO (1957) as the lowest level at which the lapse rate decreases below 2 K km 1 and remains below this value for at least 2 km. The ozone tropopause is defined as the lowest level satisfying the following three conditions (Bethan et al. 1996) To demonstrate the difference of the tropopause definitions, we make ensemble averages in the following three coordinates: The ensemble average in the conventional height coordinate is called the sea level based (SLB) average (Birner 2006) . The ensemble averages in the vertical coordinates relative to the thermal and ozone tropopauses are called the thermal tropopause based (TTB) and ozone tropopause based (OTB) averages, respectively, in this study.
Results

Thermal and ozone tropopauses in the polar region
As mentioned in Section 1, the thermal tropopause often appears several kilometers above the ozone tropopause in the Antarctic winter. Scatter plots of thermal and ozone tropopause heights in the Antarctic winter (i.e., Syowa and Neumayer) show that the thermal tropopause is located more than 1 km above the ozone tropopause in about one third of the observations during the Antarctic winter, while the difference between thermal and ozone tropopause heights is smaller than 1 km in most of the observations during the Antarctic summer (not shown).
A look at time variations of thermal and ozone tropopause heights at Syowa and Neumayer (not shown) shows that the thermal tropopause height varies discontinuously with time (i.e., spike-like variation) when the difference between thermal and ozone tropopause heights is large (i.e., ill-defined thermal tropopause). The temporal discontinuity of the thermal tropopause height variation does not necessarily indicate that the ozone tropopause is more suitable as a definition of the tropopause than the thermal tropopause. However, such a temporal discontinuity of the thermal tropopause height produces a large amount of reversible STE. Since the STE should be defined by the irreversible mass flux across the material tropopause such as the ozone and dynamical tropopauses (Holton et al. 1995) , the ozone tropopause is considered to be more suitable definition 142 of the tropopause than the thermal tropopause at least in the Antarctic winter and spring in a viewpoint of the STE.
Seasonal variations of the thermal and ozone tropopause heights at the Antarctic and Arctic stations are presented in Fig. 2 . In the Antarctic winter and spring, the thermal tropopause is located 1 2 km above the ozone tropopause. As a result, the thermal tropopause exhibits a large annual variation with winter maximum and summer minimum, which is reported by Z angl and Hoinka (2001) . On the other hand, the annual variation of the ozone tropopause is much smaller than that of the thermal tropopause. In the Antarctic summer, the ozone tropopause is located at the same height as or slightly above the thermal tropopause.
The Arctic tropopause exhibits some characteristics different from the Antarctic tropopause. The ozone tropopause is located 0 1 km below the thermal tropopause throughout the year in the Arctic. This feature is consistent with the fact that the ozone tropopause is located about 800 m below the thermal tropopause on annual average (Bethan et al. 1996) . In addition, both the thermal and ozone tropopause heights exhibit semiannual variations with summer and winter maxima and spring and fall minima. These features are common to other Arctic stations (not shown).
Tropopause inversion layer in the polar region
In order to demonstrate a difference between the SLB, TTB, and OTB coordinates, vertical distributions of Brunt-V ais al a frequency squared (N 2 ) at Syowa in these three coordinates are shown in Fig. 3 . For comparison with the SLB coordinate, mean tropopause heights are added to the vertical coordinate in the TTB and OTB coordinates (cf., Birner 2006 ). An increase of N 2 from the troposphere to the stratosphere is sharper in summer and fall than in winter and spring for all the coordinates. However, how N 2 increases across the tropopause is different between three coordinates: gradual in the SLB, sharp and discontinuous (i.e., with a corner below the tropopause) in the TTB, and sharp and continuous in the OTB coordinate.
The maximum of N 2 just above the tropopause corresponding to the TIL is seen for all the coordinates in summer and fall. While the maximum value of N 2 is about 5.5 × 10 4 s 2 in the SLB coordinate, it exceeds 6 × 10 4 s 2 in the TTB and OTB coordinates. In winter and spring, the maximum of N 2 does not appear in the SLB and OTB coordinates unlike the TTB coordinate. Additionally, a dent of N 2 just below the tropopause is seen in the TTB coordinate. The features in the Antarctic summer and fall indicate that the OTB coordinate can capture the sharp vertical structure of the static stability around the tropopause as the TTB coordinate does. At the same time, the OTB coordinate appears more suitable than the TTB coordinate to describe the vertical structure around the tropopause during the Antarctic winter and spring, in which the thermal tropopause is often ill-defined.
Finally, time-height sections of Brunt-V ais al a frequency squared (N 2 ) in the Antarctic and Arctic are presented in Fig. 4 . As also shown in Fig. 3 , the maximum of N 2 corresponding to the TIL appears in summer and fall and almost disappears in winter and spring just above the ozone tropopause in the Antarctic. In the Arctic, the maximum of N 2 is observed even in winter as well as in summer, but its magnitude is smaller in winter than in summer. The maximum value of N 2 in summer is larger in the Antarctic (i.e., 7.5 × 10 4 s 2 at Syowa and 6.5 × 10 4 s 2 at Neumayer) than in the Arctic (i.e., 6 × 10 4 s 2 at Sodankyl a and 6.5 × 10 4 s 2 at Scoresbysund). While the height of the N 2 maxima is located 100-400 m above the ozone tropopause in the Antarctic, it is located 500 1500 m above the ozone tropopause in the Arctic. Since the N 2 maxima are generally located just above the thermal tropopause both in the Antarctic and Arctic, a larger height difference between the N 2 maxima and ozone tropopause in the Arctic is probably due to the height difference between the thermal and ozone tropopauses.
Focusing on the contour of N 2 = 1.5 × 10 4 s 2 , it is located 500 1000 m below the ozone tropopause in summer and 1500 2000 m below in winter in the Antarctic. This feature is common to the Arctic, suggesting that the increase of N 2 with height is sharper in summer than in winter below the ozone tropopause both in the Antarctic and Arctic.
Concluding remarks
Characteristics of the thermal and ozone tropopauses and the tropopause inversion layer (TIL) in the Antarctic and Arctic were investigated using high vertical resolution ozonesonde data at two Antarctic and two Arctic stations. In the Antarctic winter and spring, the thermal tropopause often appears at an altitude higher than the ozone tropopause by several kilometers. Although it makes the significant annual variation of the Antarctic thermal tropopause height, the ozone tropopause height exhibits a small annual variation. While the Antarctic ozone tropopause in summer appears at the same height as or slightly above the thermal tropopause, the Arctic ozone tropopause is located below the thermal tropopause throughout the year.
The usage of ozone tropopause based (OTB) coordinate has several advantages over the conventional height (SLB) and thermal tropopause based (TTB) coordinates. The OTB coordinate can capture the sharp vertical structure of N 2 around the tropopause as the TTB coordinate does. At the same time, some features present in the TTB coordinate such as a discontinuity of N 2 at the tropopause and a dent just below the tropopause in the Antarctic winter and spring disappear in the OTB coordinate. It implies that the OTB coordinate is advantageous to describe the sharp vertical structure around the tropopause when the thermal tropopause is not clearly defined in the Antarctic winter and spring.
This OTB coordinate was applied to the study of the TIL in the polar region. The maximum of Brunt-V ais al a frequency squared (N 2 ) corresponding to the TIL does not appear in the Antarctic winter and spring unlike in the summer and fall. In the Arctic, the TIL is observed even in winter, but its maximum value of N 2 is smaller than in summer. The value of N 2 in the TIL is larger in the Antarctic summer than in the Arctic summer.
As a formation mechanism of the TIL, two possibilities have been suggested. Randel et al. (2007) indicated that the radiative effects due to ozone and water vapor around the tropopause contribute to the formation and maintenance of the TIL from the radiative transfer calculations. On the other hand, Wirth (2003) proposed that large scale dynamics enhance the static stability above the tropopause. Disappearance of the TIL in the Antarctic winter and spring shown in this study implies that the weaker downwelling and adiabatic heating in the Antarctic polar vortex may contribute to the smaller value of N 2 above the tropopause than in the Arctic. Thus the adiabatic heating in the lower stratosphere needs to be considered as a factor controlling the TIL in addition to the above-mentioned two mechanisms.
Recent studies have shown that the TIL is collocated with the extratropical tropopause transition layer (ExTL) defined as a region with both the tropospheric and stratospheric signatures of chemical constituents (Pan et al. 2004; Hegglin et al. 2009 ). Furthermore, Hegglin et al. (2009) pointed out that the ozone tropopause is corresponding to the bottom of the TIL which is located below the thermal tropopause. However, this study showed that the ozone tropopause is located at the same height as or slightly above the thermal tropopause in the Antarctic summer. This fact implies that the formation mechanism of the TIL and ExTL requires another scenario which might be unique to the Antarctic. 
